Abstract Breast Cancer Metastasis Suppressor 1 (BRMS1) suppresses metastasis of human breast cancer, ovarian cancer and melanoma in athymic mice. Studies have also shown that BRMS1 is significantly downregulated in some breast tumors, especially in metastatic disease. However, the mechanisms which regulate BRMS1 expression are currently unknown. Upon examination of the BRMS1 promoter region by methylation specific PCR (MSP) analysis, we discovered a CpG island (-3477 to -2214), which was found to be hypermethylated across breast cancer cell lines. A panel of 20 patient samples analyzed showed that 45% of the primary tumors and 60% of the matched lymph node metastases, displayed hypermethylation of BRMS1 promoter. Furthermore, we found a direct correlation between the methylation status of the BRMS1 promoter in the DNA isolated from tissues, with the loss of BRMS1 expression assessed by immunohistochemistry. There are several studies investigating the mechanism by which BRMS1 suppresses metastasis; however thus far there is no study that reports the cause(s) of loss of BRMS1 expression in aggressive breast cancer. Here we report for the first time that BRMS1 is a novel target of epigenetic silencing; and aberrant methylation in the BRMS1 promoter may serve as a cause of loss of its expression.
diagnosed prior to metastasis has a more favorable prognosis and is often curable. However, when tumor cells disseminate and colonize distant sites, cure rates are significantly diminished. Hence understanding the regulation of genes that control metastasis is of utmost importance. Research in the last two decades has unraveled a group of genes specifically targeted at metastasis suppression such that they are distinct in effecting only the formation of distant metastases not primary tumors [1] .
Breast Cancer Metastasis Suppressor 1 (BRMS1) was originally identified to suppress metastasis of highly metastatic human breast cancer cell lines when injected into nude mice [2] [3] [4] . Reduced expression of the BRMS1 mRNA is correlated with poor prognosis in breast cancer [5, 6] . Breast cancer brain metastases have also been shown to have reduced BRMS1 expression [6] . Loss of BRMS1 protein expression has been reported to predict reduced disease-free survival [7] . A series of interesting findings have been reported regarding possible mechanisms by which BRMS1 may regulate metastasis. BRMS1 has been shown to play a role in cell-cell communication [2, 8, 9] and reduce phosphoinositide signaling [10] . BRMS1 has also been reported to suppress NFj-B signaling through blockage of IjBa [11] [12] [13] . Further, BRMS1 gene regulatory mechanisms have been shown to involve histone deacetylases [14, 15] . Proteomic as well as genomic analysis strategies have been used to reveal downstream targets of BRMS1 [16] [17] [18] .
An interesting and important aspect of BRMS1 biology still remains unexplored: what causes the loss of BRMS1 expression? While genomic deletion was not found to be a major cause for loss of BRMS1 expression [7] , we hypothesized that epigenetic regulation, specifically methylation, could be responsible.
Materials and methods

Cell culture
MDA-MB-231 and MDA-MB-435 cells were grown in DMEM/F-12 (Invitrogen, Carlsbad, CA) supplemented with 5% heat inactivated FBS (Atlanta Biologicals, Atlanta, GA), 200 lM sodium pyruvate (Invitrogen), and 20 lM non-essential amino acids (Invitrogen). MCF10A, MCF10AT and MCF10CA 1a cl.1 and MCF10CA cl.d cell lines [19, 20] were grown in DMEM/F-12 supplemented with 5% heat inactivated horse serum (Invitrogen), 100 ng/ ml cholera toxin (Calbiochem, San Diego CA), 10 lg/ml insulin (Sigma, St. Louis, MO), 25 ng/ml murine epidermal growth factor (Sigma), and 500 ng/ml hydrocortisone (Sigma). All cells were maintained in a humidified 5% CO 2 environment at 37°C. The tissue origin of the MDA-MB-435 cells has been under debate for a few years [21] [22] [23] [24] , it expresses milk lipids [25] , does not metastasize from subcutaneous sites [26] and in fact, still remains one of the few available models of orthotopic metastasis of breast cancer in animal models.
To confirm if methylation can be attributed to loss of BRMS1 in vivo, cells were treated with the demethylating agent 5-aza-2 0 -deoxycytidine (Sigma). Cells were grown to 70% confluence (*3.0 9 10 6 cells/plate), and the growth medium was replaced with medium containing 5-aza-2 0 -deoxycytidine at 0.5 and 1 lM concentrations. The medium containing 5-aza-2 0 -deoxycytidine was changed daily over the course of 4 days. On day 5 cells were harvested for DNA, RNA and protein collection as detailed.
Tumor samples and laser capture microdissection Tissues of matched patient samples were mounted on MMI Membrane slides (Molecular Machines & Industries GmbH, Eching, Germany). Samples were obtained from UAB Comprehensive Cancer Center and USA-Mitchell Cancer Institute BioBank with appropriate IRB approvals. Anonimized matched samples were obtained from patients that included normal ductal epithelium, primary breast carcinoma, and lymph node metastasis. Area of the tissue sections corresponding to ''Normal', 'Tumor', and 'Lymph node metastasis' were identified independently by two pathologists (ARF and JAK). All samples were H&E stained prior to dissection with the MMI CellCut Laser Capture Microdissection system (Molecular Machines Inc.). Upon microdissection, samples were lysed in 200 ll of extraction buffer containing TE (10 mM/10 mM) to which 1% Tween and 200 lg/ml Proteinase K was added. After overnight incubation at 50°C the samples were dialyzed against TE (10 mM/2 mM) for 24 h.
Western blotting analysis
Protein lysates were collected in NP-40 buffer (150 mM NaCl, 50 mM Tris, 1% NP-40) and spun at 13,300 rpm at 4°C. 40 lg of total protein was loaded onto a 10% SDS-PAGE gel and transferred to PVDF membrane. All membranes were blocked overnight at 4°C and immunoblotting was done with mouse anti-BRMS1 antibody (at 1:2,500) [27] or with mouse anti-b-actin antibody (1:30,000). Antimouse HRP conjugated secondary antibody was used for detection and blots were developed with SuperSignal enhanced chemiluminescence substrate (Pierce, Rockford, IL) and exposed using a Fuji LAS3000 imager. Densitometry was performed with the AlphaEase Ò FC image analysis software. The graph in Fig. 2b represents integrated density values (IDVs) normalized to untreated MDA-MB-231 signal intensity to obtain fold change.
Genomic DNA isolation and RNA isolation Cells were grown to 80% confluence and harvested for isolation of genomic DNA. Briefly, cells were collected in 5 ml ice cold PBS and spun at 1,000 rpm at 4°C for 5 min. The cell pellet was washed and re-suspended in 5 ml of TE (10 mM/10 mM) to which 1% Tween and 200 lg/ml Proteinase K was added. After overnight incubation at 50°C the samples were dialyzed against TE (10 mM/ 2 mM) for 24 h. Samples were visualized on a 0.8% agarose gel to verify the quality of the genomic DNA.
For RNA isolation, cells at 80% confluence were harvested in Trizol (Invitrogen), and extraction of RNA from Trizol was completed as per manufacturer's protocol. RNA was dissolved in DEPC dH 2 O. 18S and 28S ribosomal RNA were visualized on a 1% agarose gel to assess quality of RNA.
CpG island prediction
CpG islands were identified with the use of CpG Island Searcher [28] , set at the following parameters: %GC 60, ObsCpG/ExpCpG .70, length 200 bp, distance 100 bp.
Sodium bisulfite modification
The CpGenome Modification kit (Chemicon, Temecula, CA) was used for modification of all genomic DNA originating from cell lines. Modification was carried out as per the manufacturer's protocol. Briefly, 1 lg genomic DNA was treated with sodium bisulfite at 50°C overnight. Subsequently, the DNA was desulfonated and washed several times followed by elution using TE.
Bisulfite modification of DNA directly isolated from tissue was performed with the EZ DNA methylation kit (Zymo, Orange, CA) as per the manufacturer's protocol. For all reactions 1 lg of DNA was used for modification and eluted into a final volume of 10 ll TE.
Methylation specific PCR (MSP)
All MSP reactions were carried out using 200 ng of modified genomic DNA. PCR was performed using Platinum Taq DNA Polymerase (Invitrogen) along with either the specific methylated (M) or unmethylated (U) primers. Primers were generated using MethPrimer [29] with the parameters set for optimal results as follows: product size 200 bp, Tm 55°C and primer length 25 bp. For methylated BRMS1 specific PCR, the primers utilized were: forward- (Note: Transcription start site of BRMS1 is +1). Both amplify a 130 bp product. Modified DNA was subjected to the following PCR amplification protocol: 1 cycle of 94°C for 5 min, 40 cycles of 94°C for 30 s, annealing at 50°C (U specific) or 53.5°C (M specific) for 30 s, 45 s extension at 72°C, and final extension at 72°C for 7 min. Products were visualized on a 2% agarose gel. Controls for each MSP reaction included using both enzymatically methylated human placental DNA (Chemicon) and a BRMS1 BAC clone as an unmethylated control.
Bisulfite genomic sequencing
Bisulfite genomic sequencing (BGS) PCR was carried using a similar protocol as MSP. Primers were generated using MethPrimer under the same parameters as previously mentioned. The region targeted for sequencing encompassed the same region that was amplified by MSP. The following primer sequences were used for BGS: forward-5 0 GTT TTT TAT TAG TTG TTG TTG GT 3 0 (-2436 to -2414) and reverse-5 0 AAT ATT AAT CTT ACT CCT CCT ACC C 3 0 (-2352 bp to -2333 bp). Briefly, 200 ng of modified DNA was used as a template for BGS PCR using the following protocol: 1 cycle of 95°C for 5 min, 35 cycles of 95°C for 30 s, annealing at 50°C 30 s, 1 min extension at 72°C, and final extension at 72°C for 7 min which yielded a product of 109 bp. Products were visualized on a 2% agarose gel.
PCR products were cloned using the TOPO TA cloning system (Invitrogen) and sequenced with the T7 promoter and M13 reverse primers by Laragen Inc. (Los Angeles, CA) sequencing facility. Analysis of sequencing was done using both Chromas LITE (http://www.technelysium.com.au/ chromas_lite.html) and MultAlin (http://bioinfo.genopoletoulouse.prd.fr/multalin/multalin.html) softwares.
Note: The MSP and BGS studies in tissues were conducted without knowledge of the expression status of BRMS1.
Quantitative RT-PCR
For analysis of mRNA levels in cell lines as well as to determine changes in expression upon treatment with 5-aza-2 0 -deoxycytidine, RNA was from various cell lines was subjected to real time quantitative RT-PCR. cDNA was generated using the High Capacity Reverse Transcription kit (Applied Biosystems, Foster City, CA). 1 lg of total RNA was used to synthesize cDNA as follows: 25°C for 10 min and 37°C for 2 h. PCR was done using 40 ng of cDNA with BRMS1 TaqMan primer probe sets in TaqMan Universal PCR Master Mix (Applied Biosystems). GAPDH was used as an endogenous control to normalize all reactions. The real time PCR was performed using a BioRad iQ5Real-Time Detection system (Bio-Rad, Hercules, CA) with the following thermocycling conditions of two initial steps of 50°C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. BRMS1 transcript levels were normalized to GAPDH levels (DCT) which was used to calculate changes in BRMS1 expression (2 -DDCT ). For analysis of gene expression across breast lines human adult breast RNA (Stratagene, La Jolla, CA) was set as calibrator and all other samples were compared accordingly.
Immunohistochemistry
A breast cancer tissue microarray was sectioned to 5 lmthickness and stained using an anti-human BRMS1 rabbit polyclonal antibody (S0705, a kind gift from Applied Genomics, Inc., Huntsville, Alabama) at 1:1,000 dilution. Secondary detection was achieved via a streptavidin, horseradish peroxidase secondary detection system (Signet Laboratories, Multispecies USA) using diaminobenzidine (BioGenex) as the chromogen. The staining was primarily nuclear. The intensity of staining of tumor cells was assessed as 0 (no staining) to 4 (strongest possible intensity of staining). The immunoscore was derived as the product of the percentage of cells at each intensity and the corresponding intensity. The products were added to get an immunoscore for the section [30] .
Results
BRMS1 expression is significantly reduced in aggressive breast cancer cell lines BRMS1 expression has previously been shown to be lower in some breast cancers with worse prognosis [5] [6] [7] . We verified by qRT-PCR that BRMS1 is indeed downregulated in metastatic breast cancer cell lines. Expression of BRMS1 mRNA from various cultured breast lines ranging from immortalized epithelium (MCF10A) to highly metastatic lines (MCF10CA1a cl.1, MDA-MB-231, and MDA-MB-435) was compared to BRMS1 transcripts from human adult normal breast. While MCF10A displayed comparable levels of BRMS1 when compared to normal breast, MCF10AT, MCF10CA1a cl.1, MDA-MB-231, and MDA-MB-435, all displayed a decrease in BRMS1 mRNA levels when compared to normal breast (Fig. 1 ).
BRMS1 promoter shows presence of CpG islands
The examination of the sequence from -3600 to +3472 (transcription start site of BRMS1 is designated as +1) of the BRMS1 genomic sequence shows the presence of two potential CpG islands. As seen in the schematic (Fig. 2a) the BRMS1 gene shows a large intron before the second exon where the translation start (ATG) site is located. This putative regulatory region shows no significant CpG island as defined by the CpG Island Searcher [28] . Upstream from the transcription start site of BRMS1 is an intergenic region preceded by b3GNT1 [4] . Our in-silico searches revealed two strong CpG islands, one extending through the first exon of BRMS1 (-531 to +608), and another starting about 1683 bp upstream (-3477 to -2214) (Fig. 2a) .
Treatment with demethylating agent restores BRMS1 expression in MDA-MB-231 cells
To test if the decreased expression of BRMS1 in aggressive cell lines was due to hypermethylation, we treated MDA-MB-231 cells with the demethylating agent 5-aza-2 0 -deoxycytidine (0.5 and 1.0 lM). BRMS1 protein levels markedly (7-to 10-fold) increased compared to untreated cells (Fig. 2b) . This observed alleviation of BRMS1 suppression in the MDA-MB-231 cells led us to further examine each of the identified CpG islands for a role in BRMS1 suppression.
MSP analysis of the BRMS1 promoter reveals the existence of a CpG island MSP analysis was performed using DNA from a panel of breast cancer cell lines: MCF10A cells that represent immortalized normal breast epithelium and five different breast cell lines ranging from tumorigenic (MCF10AT) to cancers with metastatic capability (MCF10CA1a cl.1,MDA-MB-231, MDA-MB-435). MSP analysis examining 'CpG island A' did not identify methylation specific amplicons, indicating that this particular CpG island is not hypermethylated (Supplemental Figure 1) . Hence, cells were analysed for presence of methylation at 'CpG island B', using primer pairs spanning -2460 to -2337 bp. MCF10A and MCF10AT displayed an intense band with primers specific to unmethylated DNA, however, there was no detectable signal in either cell generated by the methylated DNA specific primer set. On the other hand, all the metastatic lines MCF10CA1a cl.1, MDA-MB-231 and MDA-MB-435, show a very distinct methylated amplicon concluding that the upstream island is methylated (Fig. 3a) . There is also an unmethylated product that appears in all four cell lines, most likely meaning that not all allelic copies are methylated. Treatment of MCF10CA1a cl.1, MDA-MB-231 and MDA-MB-435 with 5-aza-2 0 -deoxycytidine reversed of this MSP pattern (Fig. 3b) . Notably, the treatment reversed the presence of the M band in the metastatic cell lines indicating that the CG residues were de-methylated. same region as the MSP primers; spanning -2352 to -2414 bp. The targeted sequence included a total of six CpGs. A distinctive change was notable amongst all cytosine residues after bisulfite treatment. MCF10A and MCF10AT did not have any methylcytosines at any of the residues analyzed by BGS (Fig. 3c) . In all three metastatic lines, MCFC10CA1a cl.1, MDA-MB-231, and MDA-MB-435 sequencing identified a specific region of methylation (Fig. 3c) .
Aberrant methylation of BRMS1 is observed in breast tumors
To study if there is a correlation between epigenetic modulation of BRMS1 and disease prognosis, we examined the methylation profile in breast cancer clinical samples. Tissues from patients included normal ductal epithelium, primary locally invasive cancer, and lymph node metastases. Tissues were laser microdissected and used for subsequent bisulfite modification. Twelve sets from individual patients had matched normal epithelium, primary tumor, and lymph node metastases and an additional eight patients provided four lymph node metastases and five primary tumors. To assess if hypermethylation of BRMS1 correlated to different stages of cancer progression, MSP analysis was done. Methylation specific bands were detected in both, primary tumors and in lymph node metastases. From the 12 matched samples, methylation of BRMS1 was evident in five of the primary tumors as well as eight lymph node metastases (Fig. 4a) . In five patients both primary tumor and lymph node obtained from the same patient displayed BRMS1 hypermethylation suggesting that hypermethylation of BRMS1 could be an early event, one that may be involved in disease progression. Overall, from 20 patients, 60% of the lymph node metastases and 45% of the primary tumors metastases produced methylated amplicons (Table 1) .
We established a pattern of CpG methylation in the matched tissue set from one patient by means of BGS. Sequences from normal, primary, and lymph node metastases were compared. Both primary tumor and metastases had more methylated cytosines (Fig. 4b) , consistent with a role of methylation in downregulating expression of BRMS1.
BRMS1 expression in primary tumors was correlated to the methylation profile using immunohistochemistry. As depicted in Table 2 , in patients 6 and 7 where hypermethylation was evident in both the primary tumor as well as lymph node metastases, immunohistochemistry revealed a low level of BRMS1 protein expression in the primary tumors (immunoscores = 0.70 and 0.83). Moreover, Patient 6 revealed the lowest amount of BRMS1 nuclear staining; in this particular patient (Patient 6) all three tissues yielded a methylated amplicon. In Patient 11, BRMS1 staining was stronger (immunoscore = 1.83); this was in agreement with the MSP analysis of the primary tumor which did not indicate any methylation.
Discussion
Epigenetic modifications play a significant role in regulation of a variety of genes responsible for cancer progression. Genes having significant relevance in breast cancer such as nm23, BRCA1, p16, and 14-3-3r have been reported to also be under the control of epigenetic mechanisms suggesting that hypermethylation of genes is a broad spectrum phenomenon [31] [32] [33] [34] [35] [36] [37] [38] . Methylation of 14-3-3r is commonly seen in prostate cancer lesions, ovarian cancer, breast and lung carcinomas [34, [39] [40] [41] [42] [43] [44] . The metastasis suppressor gene, nm23 is methylated in breast cancer and re-expression of the gene following treatment with 5-aza-2 0 -deoxycytidine resulted in a decrease in motility of the breast cancer cells [31] . Recent research has provided more insight into the role of BRMS1 as a potential prognostic marker in breast cancer. While various clinical studies have demonstrated that the loss of BRMS1 during breast cancer progression is correlated with patient survival signifying poor prognosis [5] [6] [7] , some other studies have reported contrasting findings [45, 46] . These studies however, did not involve microdissected tumor material that would ensure purity of the starting material in a heterogeneous tumor mass. Moreover, it has recently been shown that BRMS1 protein is stabilized by Hsp90 and that its turnover is proteosome-dependent [14] . Thus, assessment of BRMS1 mRNA may not be correlative to the protein levels of BRMS1. Here we show that in breast cancer, BRMS1 promoter shows a hypermethylated CpG island.
We identified two putative CpG islands in the promoter region of BRMS1. Furthermore, using breast cancer cell lines that represent various levels of aggressiveness we determined that the tumorigenic and metastatic cell lines display reduced levels of BRMS1 (Fig. 1) . Hence we hypothesized that promoter hypermethylation is a cause of BRMS1 downregulation in advanced stage breast carcinomas. We performed MSP and determined that the metastatic cell lines display methylation of CpG Island B. Further, treatment of the cells with the demethylating agent, 5-aza-2 0 -deoxycytidine reversed the methylation pattern in the cells with respect to CpG Island B. We correspondingly saw a 7-10 fold increase in the expression of BRMS1 protein from the treated MDA-MB-231 cells (Fig. 2b) . CpG island B is also upstream of b3GNT1 (Fig. 2a) [47] . We saw a moderate increase in the level of b3GNT1 upon 5-aza-2 0 -deoxycytidine treatment of MCF10A and MCF10AT cells, whereas, treatment of the MCF10CA1a cl.1, MDA-MB-231 and MDA-MB-435 showed a decrease in the b3GNT1 levels (Supplemental Figure 2 ). There are no published reports of involvement of b3GNT1 in any type of cancer nor are there any reported studies on regulation of b3GNT1 by promoter methylation. However the exact nature of the impact of methylation of CpG island B on b3GNT1 and its disease relevance needs to be explored. Further, we assessed multiple matched patient tissues and found a significant number of lymph node metastases to be hypermethylated in Island B, upstream of the BRMS1 promoter. Hypermethylation occurred in 60% of the lymph node metastases and 45% of the primary tumors in the patients that were examined, signifying that an increase in methylation coincides with cancer development and progression. Unexpectedly, in one case, MSP indicated methylation in the normal tissue as well. This could be attributed to the possible contamination from cells of the primary tumor or could be indicative of cases of somatic hypermethylation of BRMS1. We have minimized the possibility of contamination from unwanted cells by obtaining pure cell populations using laser capture microdissection under the guidance of two independent pathologists. Hence we believe that contamination is not an issue. Somatic hypermethylation events have been reported for km23 (a TGF-b receptor-interacting protein), ATM, BRCA1 & 2 [48] [49] [50] . Our observations on the existence of somatic hypermethylation of BRMS1 may have a bearing on the susceptibility to develop breast cancer metastases or overall patient prognosis; however this study is underpowered to address this issue.
We also observe that the extent of downregulation of BRMS1 in various cancer cell lines (as seen in Fig. 1) is not directly proportional to the CpG methylation signature e.g., MDA-MB-231 shows extensive methylation of the CG residues (Fig. 3c) but does not show a proportionately reduced expression of BRMS1 mRNA (Fig. 1) , as one might expect. This could be due to two possibilities: Firstly, methylation status may be under-estimated because the high density of CpG in the region made primer design difficult. Secondly, there could be other mechanism(s) of regulation of BRMS1 that may operate independently or in concert with methylation of the promoter region.
In Fig. 4b , which depicts the BGS of Patient 1, we see that the primary tumor cells show evidence (3 out of 10 sequenced clones) of hypermethylation of BRMS1. Interestingly, this is not reflected in the MSP of this patient (Fig. 4a) . This may represent hemi-methylation of the BRMS1 alleles in the primary tumor. Further the lymph node metastases from this patient show hypermethylation of BRMS1 by MSP (Fig. 4a) and BGS (Fig. 4b) , suggesting that the methylation of the CG residues increases at the metastatic site. Currently there are no known mutations in the BRMS1 gene that would lead to alterations in expression. Hicks et al. previously examined BRMS1 gene copy number in patients exhibiting low BRMS1 staining as a plausible means of expression loss however; it was concluded that gene copy number did not change, by means of comparative genomic hybridization, significantly in these cases to effect BRMS1 expression [7] . We immunostained selected primary tumor tissues for BRMS1 and discovered that the levels of BRMS1 protein correlated with the methylation status of the BRMS1 promoter (Table 2) . Thus, the two tissues that revealed methylation of Island B showed low immunoscores for BRMS1. Mechanism of CpG methylation is still under debate [51] [52] [53] . Deregulation of DNA methyltransferases have been implicated as a potential link to hypermethylation [54] . Some studies suggest that the activity of DNA methyltransferases does not correlate with the hypermethylation of CpGs within a gene [55] yet, others have shown elevated DNA methyltransferases in a subset of patients which exhibit gene hypermethylation [53, 56, 57] .
In conclusion, BRMS1 silencing occurs via an epigenetic mechanism in breast cancer development and progression. Moreover, treatment with 5-aza-2 0 -deoxycytidine reversed the methylated status of the BRMS1 promoter allowing for increased expression of BRMS1 protein. Thus, epigenetic silencing of BRMS1 may not only be useful as potential prognostic marker, but also could possibly be used for targeted breast cancer treatment [31, 58] . 
MSP Tissue Patient
Selected primary tissues were sectioned and stained for BRMS1. Immunostaining was primarily nuclear. Immunoscores were derived by a scoring system that incorporates both the percentage of cells staining and the intensity of the staining. The number of cells with nuclear staining and the intensity of staining is greater in the tumor from patient 11 than in those from Patients 6 and 7. Photomicrographs were obtained at 2009 magnification. The bar corresponds to 50 microns. Scores were compared to MSP analysis to determine a correlation between BRMS1 expression and hypermethylation
